Nano-structured morphological features of pulsed direct current magnetron sputtered Mo films for photovoltaic applications, Thin Solid Films (2011Films ( ), doi: 10.1016Films ( /j.tsf.2011 This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. Cu(In,Ga)Se 2 based solar cells and as such the properties of these layers play an important role in the overall cell structure. This paper describes the production of molybdenum films using pulsed d.c magnetron sputtering from compressed molybdenum powder targets. The films were deposited at different substrate temperatures under constant power and constant current modes, and analysed using X-ray diffraction, scanning electron microscopy, atomic force microscopy and four point resistance probe. Mechanical strain and resistivity were found to decrease with substrate temperature together with a shift in the (110) crystallographic plane towards higher diffraction angles. All films were well adhered to the glass substrates irrespective of their high tensile strain. Surface morphology analysis revealed the presence of nano-structured stress relief patterns which can enhance the nucleation sites for subsequent CuInSe 2 deposition. A high-resolution cross sectional image showed the columnar growth of the films. Surface roughness analysis revealed that roughness increased with increase in substrate temperature.
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Introduction
A typical CuInSe 2 (CIS) or Cu(In,Ga)Se 2 (CIGS) based solar cell comprises a glass/Mo/(CIS/CIGS)/CdS/i-ZnO/ZnO heterojunction with the molybdenum film being used as a back contact layer [1] . The reason is partially historic and partly scientific [2] . A good back electrode should provide an ohmic contact with the p-type absorbing layer, have low resistivity and be well adhered to the glass substrate. Other back contacts such as W, Mo, Cr, Ta, Nb, V and Mn have been tried, but it has been shown that Mo back contact based solar cells had superior efficiency and reproducibility [3] . In solar cell applications, the Mo electrode forms an ohmic contact via an intermediate MoSe 2 layer [3] [4] [5] . Wada et al. believe that the MoSe 2 formation is aided by the diffusion of Na from the soda lime glass substrate into both the CIGS and the Mo layers [5] . Researchers have developed a variety of techniques for depositing such Mo layers. Sputtering is considered as one of the most important of these because it offers control over the different operating parameters and the ability to produce uniform layers with high reproducibility rates compared to other techniques such as thermal evaporation. Mo films in the past have been traditionally produced by d.c sputtering [2] [3] [4] or r.f sputtering [6] from a solid target. Various commercial industries such as Shell Solar, Würth Solar, Global Solar, Nanosolar, Ascent Solar, etc.. use sputtered Mo films on various substrates such as glass, steel or flexible polymer as a back contact for CIGS based solar cells [7] . This work describes the deposition of Mo films by pulsed d.c. magnetron sputtering (PDMS) using a powder target. The powder sputtering technique is a widely accepted method for depositing dielectric materials and for the reactive sputtering of aluminium oxide, zinc oxide etc. [8, 9] . During magnetron sputtering the magnets, which are placed behind the target, produce electrons that are more confined near the target surface. This leads to an increase in sputtering rate. However, target utilization is reduced because the non-uniform distribution of magnetic fields leads to
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enhanced erosion from the target , causing localized thinning of the target and producing a "race track" pattern [10] . The race track will eventfully penetrate through the target and can cause sputtering of the target holder material. The usage of a powder target can reduce the material wastage accociated with this race track effect which limits the effective target area.
Molybdenum metal is produced by the powder metallurgy techniques in which Mo powder is hydrostatically compacted and sintered at about 2100°C [11] . This material must then be cut into the shape required for the solid target. The use of powder can cut out this intermediate process and save production costs. Hence the use of powder target increases the material utilisation and reduces production cost in large scale. Pulsed d.c magnetron sputtering from powder target also produced stoichiometric CuInSe 2 from single step process this layer is subsequently deposited on top of Mo layer [12] .
The deposited Mo films had low resistivity, were pin hole free and adhered well to the glass substrates. Scofield et al, [2] reported a problem associated with the adhesion of Mo films on glass substrates at low argon sputtering pressures. These results are not only dependent on the pressure but also depend on the system geometry and configuration. In our case we have deposited films at the lowest pressure possible (7.0 x10 -1 Pa) and they were found to be well adhered to the glass substrate. A range of work has been reported on the stress/ strain related issues of films and their mechanical and electrical behaviour following deposition by the normal d.c sputtering method [2, [13] [14] [15] [16] [17] . There have been no studies conducted on the effect of stress or strain in pulsed d.c. magnetron sputtered films, especially from powdered targets. The Mo thin films sputtered using ordinary d.c. [2, 18] and r.f. [6] magnetron sputtering at low pressure were found to have compressive strain and showed low resistivity but our pulsed d.c. sputtered Mo films were found to have very high tensile strain with relatively high resistivity. The resistivity was reduced to a lower value suitable for solar cell applications following heat treatment. These preliminary results
require further research to optimise the magnetron operating parameters and hence the film characteristics, such as the resistivity.
Experimental Details
The system consisted of a cylindrical stainless steel chamber evacuated with a turbo molecular high vacuum pump backed by a rotary pump. A detailed description of the system is described in our previous paper [19] . Molybdenum powder of >99.9% purity (Sigma Aldrich) with a particle size of 1-2µm was used as the target source. The powder was compressed into a 5 cm diameter recess in the target head as shown in Figure 1 . The system was pumped to a base pressure of 5.0 x 10 -4 Pa. The deposition was performed in an argon atmosphere regulated by a mass flow controller. The minimum pressure for a plasma discharge was found to be 6.0x10 -1 Pa but to obtain stable plasma conditions a minimum pressure of 7.0x10 -1 Pa was used. The films were deposited at substrate temperatures ranging from 47 0 C (no substrate heating) to 300 0 C onto soda lime glass which had been cleaned with isopropyl alcohol and acetone in an ultrasonic bath and dried with an argon gas blower.
The films' thickness was measured using a DekTac 3 ST surface profilometer and the resistivity was measured by the four point probe method. The structural properties were investigated using a Simens D 5000 X-ray diffractometer with Cu Kα radiation (λ=0.154nm). The powder was analysed using locked coupled mode (2θ from 10 to 90) and the films were analysed using a detector scan (2θ from 10 to 60). The morphological properties were analysed by a Philips XLS -30 field emission gun scanning electron microscope (SEM) and a Digital Instruments Nanoscope III atomic force microscope (AFM). The SEM was operated in 400000x magnification in ultra high resolution mode with an operating voltage of 10 kV. The AFM analysis was performed with a Veeco RTESPA tip (300 kHz) in tapping mode. The AFM analysis was used to determine the
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roughness of the films. A "Scotch tape" test was conducted to study the adhesion properties of the films on the glass substrates using tape stuck onto a rectangular s cratched a rea of approximately 1cm x 1cm.
Results and Discussion
Target Powder
X-ray diffraction (in locked coupled mode; 2θ from 10 to 90 degree) was used to ascertain structural properties of t he Mo powder, Figure 2 . The spe ctrum matched that reported b y JCPDS CAS Numbe r 42-1120 for molybdenum sa mples. Four pr ominent pe aks corresponding to the (110), (200), (211) and (220) planes were present. This suggests that the powder is in body-centred cubic phase. The preferred orientation was in the (110) plane.
Mo films at different substrate temperatures deposited under constant power
Operating parameters, thickness, and resistivity results
The films we re de posited at different substrate tempe ratures, starting with no external heating, up to a maximum of 300 0 C. The PDMS power supply was set to c onstant power mode (50W ± 5% ) with a frequency of 75kHz a nd a pulse off ti me off of 0.5μs; the operating pr essure was 7.0 x10 -1 Pa and the sputtering ti me was 90 mi nutes. Results for film thickness (d) and resistivity ( ), given in Table 1 , show a reduction in thickness with increased substrate temperature and a corresponding decrease in film resistivity. All films "passed" the adhesion tape test in that the adhesive tape peeled off the films leaving well adhered films on the substrates. The resistivity of the films deposited using this method is high c ompared to that obtaine d by d.c sput tering fr om a solid tar get [2] , however the resistivity is reduced to a lower value with increase in substrate temperature.
Structural analysis
X-ray analysis of the films revealed a preferred (110) crystallographic orientation matching that of the starting powder. (Figure 3 ) suggesting that the films were in body-centred cubic The strain analysis revealed that the films were under tensile strain [13] and that t he strain percentage reduced wit h incr ease in temperature. There are se veral fa ctors th at can contribute to the origin of thi s strain profile, e .g. voids, o xygen or a rgon im purities and crystallographic flow s [13] . These in turn a re d ependent on operating pa rameters such as substrate temperature, sp uttering gas species, operating pressure, d eposition rate, angle of incidence, a pparatus geometry and sourc e-substrate distance [20] . The decrease in strain percentage with increase in substrate temperature suggests that the temperature can control the stra in of the films which in turn can c ontrol the mechanical, electrical and opti cal properties [13] . The wor k reported by Tho rnton and Hof fman su ggests that the substrate temperature( T s ) and the melting point of the coating martial (T m ) are important to the stress related mate rial characteristics and the y su ggest that it is particularly important for materials having a low melting point, such as aluminium [20] . Increasing the T s /T m ratio can relax the intrinsic stress. Our studies suggest that this is valid for Mo films, which have a high melti ng point . The incr ease in temperature re duced the overall stra in percentage.
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However, there is no reported Mo deposition tec hnique which ha s resulted in strong adhesion without cracking under a tensile strain percentage > 1.0. The main concern about high tensile strain or str ess in films is that it usually leads to cracking a nd subsequent peeling off fr om the substrate [6, 16] . The greater the thickness the greater will be the cracking / peeling of f force for a given level of stre ss. In our c ase, films with > 1.0 µ m thickness retained their adhesive properties, even eight months after deposition.
The incr ease in peak int ensity at higher temperatures suggests that ther e is an associated improved crystalline pr operty. The Lorentzian fits revealed that the Full Width Half Maxima (FWHM) of the samples decreased with increase in temperature. The crystalline sizes of the molybdenum films were calculated using the Debye-Scherrer equation:
Where L is the particle size, k is the Debye-Scherrer constant (0.9), θ is the Bragg angle and β is the Full Width Half Maximum which is determined from the following equation. 
Where B is the e xperimental w idth c alculated from the X-ray diffraction data usin g the Lorentzian function and b is the instrument br oadening whic h is determined using a S i standard sample. The FWHM is inversely pr oportional to the crystalline size. The calculated FWHM a nd crystalline size a re sho wn in Figure 5 , whic h suggests that the crystalline siz e increased with increase in temperature. The lar ger crystal sizes and the reduced stra in percentage result in reduced resistivity of the films grown a t higher temperatures (Table 1) .
Surface morphology of Mo films
The surf ace morpholo gy of the films w as analysed using scanning electron mi croscopy.
SEM images of the films deposited with no heating and of films grown at 150 0 C are shown in Figure 6 .
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The SEM images show that there is a drastic change in particle shape from a cluster of small grains to a fibrous, columnar needle-like structure for films grown at 150 0 C. A similar sort of pattern was previously reported by Ogawa et al. [21] . They named the "wrinkled spot" and "wavy ride" stress relief patterns observed in ion beam and d.c.
magnetron sputtered films, but their patterns were observed in the buckled portion of the films and with fairly large gain sizes > 5µm in length [21] . These kinds of micrometre-sized patterns were also reported by Wu et al using an optical microscope [16] . The Mo films reported here showed nanometre sizes clusters that have nano-structured stress relief patterns. These types of columnar grains and faceted surfaces which were observed at 150 0 C were previously reported by Malhothra et al [13] and Al-Thani et al [22] . This patterned Figure 7 . The cross sectional analysis revealed that the film had columnar growth with closed inter columnar gaps.
The topography of films was also analysed using AFM in tapping mode, (Figure 8 ) which supports the X-ray diffraction analysis that the grain size increased with increase in temperature. The roughness of the films was analyzed from AFM data using WSxM software [23] . The roughness increased from 4nm to 7nm with the increase in substrate temperature. Small columnar growth units form larger clusters or islands and this process can lead to an increase in the overall roughness of the films at higher temperatures.
Mo films at different substrate temperatures under constant current mode
Operating parameters, thickness and resistivity results
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Mo films with (110) out-of-plane texture are used in X-ray mirrors and as a back contact in solar cells [13] . In order to investigate the reproducibility of the adherence property of the high strain % Mo films, the tests described above were repeated for films deposited with the power supply set to constant current mode at a value of 0.10A. The frequency was set to 100 kHz and pulse off time was set to 1µS at 9.0 x10 -1 Pa.
The experiments were halted when the strain % dropped to <1.0. The operating parameters, thickness and resistivity measurements are summarised in Table 2 
Structural analysis
The X-ray diffraction suggests that the Mo films were strongly structured with a preferred (110) plane shown in Figure 9 . The diffraction spectra of Mo films deposited under constant current mode are exactly the same as for the films deposited under constant power mode. The shift in 2θ values was reproduced. The same models for fitting and analysis were carried out as described before. The crystalline quality improved with increase in substrate temperature.
The 2θ and strain % calculated from the (110) peak are shown in Figure 10 . The strain % decreased with increase in temperature and the value reduced to unity at 200 0 C. The
A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT
FWHM is decreased with increase in temperature. The morphological features were exactly similar to those produced under constant power mode.
Conclusion
Molybdenum films were prepared from powder targets using the pulsed d.c magnetron sputtering technique under both constant power and constant current mode. The XRD analysis revealed that the films were in the body-centred cubic Im3m phase with (110) preferred crystallographic orientation, matching the starting material. Strain analysis was performed from the XRD data and irrespective of the large strain percentage, the films were found to be well adhered to the glass substrates. With increase in substrate temperature it was seen that the strain percentage, resistivity and thickness reduced while the grain size and surface roughness increased. The resistivity was high compared with that reported by others using solid targets but this can be reduced by additional substrate heating. A nano- A C C E P T E D M A N U S C R I P T 
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